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Abstract — Enzymatic acylations catalyzed by hydrolytic enzymes, along with enzymatic hydrolysis, are established
reactions in the synthesis of fine chemicals such as chiral intermediates and polymerizations in the industry. Those reactions
have been carried out mostly in organic media due to the thermodynamic limitations. Recently, there have been reports
on enzymatic acylations in aqueous media. They have dealt with the elucidation of reaction mechanisms of hydrolases
and acyl transferases based on their X-ray structures, homology comparison of the two kinds of enzymes, substrate engi-
neering of acyl donors and computational design of acyl transferases for enzymatic acylations in aqueous media. Enzy-
matic acylations play an important role in the combinatorial synthesis of natural products such as polyketides and
nonribosomal peptides. In this review, the historic developments of enzymatic acylations and industrial examples are
described briefly. In addition, recent developments of enzymatic acylations in the modification of natural products and
their prospects will be discussed.
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HNittel] o] 2717KA] theet 73S 2 slokar skt 71E2] 7t
3l G4 (hydrolase)®® U2} polyketidel} non-ribosomal peptide
9] AN LA EAES inviroollA] A&X 02 o]8shk=
ek i = A 1 312} sk}, 5H3], vkt 57 ] (functional
groupyE 7H AAEE] T2 FAl QlojA, 718 Tl aa
9] o}l sl Hhg-2] M T A =22 Nl tfsl] AR, HAES] T
Z Asle] QoA oo F A (acyl transferase, AT)2] 713l ol
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2. §A°| ORI} HES

BAE o] 83t opds) WS 3l amide AE T} ester (thioester
¥3hH e A 4= QtkFig. 1). ol2] e W2 7rES] 84
(BEC 33#-7)9] 7krital] ¥1-8-2] o8& o]-&ah= Zlolth.

ol gk HEE-2 thekel M AES] ol WA A YoM
T CoA ester-} N-acetylcysteamine®] thioester JEN2] acyl donorE-
ARG}, W 2= polyketide synthetase (PKS)H} non-ribosomal peptide
synthetase (NRPS)2} 722 Adiet G4 HEA oA, acyl carrier
protein (ACP)¥} 22 Tz o] A3 Je & 7L st
Thioesterase T=3F thioesters 2141319 nucleophile (-OH, -NH,)°l
2J3)] PKSHF NRPSE] whx]Er @A olA] macrocyclization®l] £J3l 4]
amidett esters BASITE A olME, 848 o r =]
28 ZFASAIRE, acylation HH-5-0] 7FsdkA ETh.

T8 in vitrool A 7S] WESS] keS8 Fa s FHo g
FEsb] SelMe BE Y ols-s FBlIM B AAS S 7
o} sh=tl, 171 SullE ARSI WS ol AHE =5
A = RS At e A ES RS fEste] 78
735Jo) AR FAINREE 0 2 ] FE o] FA|7 = otk o] EAS
Al =i 7=l @4ol 23l acyl donore} A4AE-2] 7237 L
oA o o] "ojx 1 AP ES] Fell JFS 5 |t

TAFo] o2, 1980t B DSM AlE3]AF1 Holland Sweetener
Company A7} Bacillus thermoproteolyticus 1212 whila & &
2221 thermolysin®] 71A|= $IX| A 81437} o/ A A e -S o]-8-51od
dipeptide QJNF AT 5 ok AT} (aspartame)2] /ol 353 7
Aol o121 3ItK(Fig. 2). D/L-PheOME 7128 L Sefivt yk-5-3}
™, D FE= AAE Coz-APM} E3A 2 FAJsto] AAH7) wji
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Fig. 1. Enzymatic acylations of alcohols in aqueous and organic media
by hydrolytic enzymes.
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Fig. 2. Biocatalytic synthesis of dipeptide sweetener aspartame pre-
cursor by a theromostable protease, thermolysin, in aqueous
media (Holland Sweetener Compnay).

o Wkgo] F=g-Mollx] | gk, A/JE2] FAlo] 7FsstA Hrt.
Azpe] sA 0 2= vkl E-& AlAsh=s 219l o5
et o R f§718E ARshe 3ls AAE 5 Stk 1960~
19801 th 2] EAo] T8l Aol olojA], 1980l FRlell SojA
A QlojA & FHE o] F ok A7 ]8vlell 2] aANEs
olgkar 8 4= Ql& Aot} BoMi= Byl div HkeES a0 ¢
g3} 71 Ssto] f718melA e 5= QA = ATH15-17]. 7
= MITE] Klibanov W5 H|581o] ThFst A=bz0] o] Zofel
A AR AerS gho 7a, Gyl Foko] A 8h3]oa =
3= Enzyme Eng. Award® F3l L 32F QA =St}

3. 771 SHolM2] &40| OFAS] HESS| HARE SE

F718ullE o] 838 G4 HESO] acylation HH-5-ofl AREH A2,
718 el Bt 2 5 ee S F Avk§, 1988 Riva s
o] 718 mellA 7Haalle] eukg-& o]g-ste] vkt B, 2|
Fol&, Ak 5 multihydroxy $H3HE2] acylation RE-5-0ll protease}
lipaseZ ©]-&3lo] AEA 07 hydroxyl7]oll o}l ¥-8-S W gk
Zlo] itk o] ARl sES Fo)7] 913 DMFY 22 &
A0 ol FA 92 SE AR < Hioll SISAINL, 7716
ol A2 acylation HH5-2] 7291 HES st 7HXE QIF T I Q
7F $k& ZeleH17].

1 o]%e]], o] gt f7]gufelA 9] opA s} HE-5 golskA s
S8ll, 2 7123l 4 (lipaseH} proease)E TN OE FS 715
7}, BAZ Aol /PSR E H7Fsh= L f718 Tl o]
AJMAE vk W T oheket Aot AlSE I QIcH18). oFs)
HES-2] thefst Aok oA 2] Ak 4] AdF clle0] 22 reviews
Bl s lek7).

#<, Hanefeld 5 718l 545 ARt f771-801 ellA]
TF3t acyl donors ©]-83810] o} 3} WS 3E W o] kS,
T2 7gere] Agr|Ee|A ARESk= SWOT (strength-weakness-
opportunities-threats) 3-8 F3ll, A 3}ske] ol vl wsick
[19]. ©==3] G4 WEg- ©ATo] o}, A A2 w oA 374 <]
“greenness”E 3715131t Atom economy®} E-factor®] IS A}
gato] nlwst A3}, A= AR5 enol ester (vinyl ester)R.UH=
carboxylic acidS AR} E-& Al sR= o] ¥ $-4331H S
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Fig. 3. Lipase-catalyzed acylation for kinetic resolution of racemic
amine (BASF) [22].

B 13FaL QIEH20]. Kostos 5+, 37 DAlelx] A A= dol7k=
gelrl 27k aefaior e AR Zhe-d] A FellA AAleks
el ok Al v8-& arefeliol & 2}, g0 AARE-E 919 A
3 3l ol d A9 e, HA *7‘4011 oA o] g Ee] el
2l work-up g & T 1 ARFEE, 1718 0elx 9] ot
WR 3} 7}e] Wk 2] ol TARIIEhR1) thEo i wAe)
gato] AT+ Sl o W = Sl 719
AT ES ATR A it

3-1. Chiral Intermediates

H71800) o115k wkgol} el wh-E B3l ok, ok
W 8 59 FMIE BASHE ATE A1 2 AR AR
ofz}ar 313t} 55U BASF AR= Burkholderia % 1+212] lipase ©|
L3109 FoFe] Y5 chiral amines 8=t 331t 771
S|4 methoxyethyl esters ARESI] G524 0 7 $1&: 2] o]
AAE 840w sl d 7 A58 Raselth(Fig. 3)[22].
Alotolu} slekropi olje} Ao LeDe] AREA oA
E49] A% lipaseZ} AREE AL QITH23].

3-2. Enzymatic Acylations for the Synthesis of Polyesters
BAE o] g o] TS At E Wzt B2 ATE S3
71 7S ASlalvH24). ERlelAEE Ay 2E, 18a &
2k E S50l 220]:= Poly(ethylene terephthalate, PET)E H| 5
3o, H AEEA] WO F monomer’| A4k = 1,4-butanediol 2}
succinic acidZ5-E] TH=o] A= 34 LA} Poly(butylene
succinate, PBS) &, %8| =91l #H9lskA A8-= 1 Q). Diol#
diacid®] &322 3lskzlel Hl o 7 AlojAo] ZgoAES A
Aksk= 5 otk 4F o] 83l LA E EAsks W
ol 7 dejsrol= G4 Lipase (BC 3.1.1.3)°]t}. LipaseZ ©|
F3lo] L AEE TR 22 in vivoellA] lipaseZ} AHARS: &
o= HES-2] oINS o838 A 224, A7 lactone®] ring-
opening polymerization (RPO)¥} diacid?} diol®] &HH-5-(polycon-
densation) + 7F4]7} QItH25]. Z2] ol 2~E] 2] ok E0] alcohol= &
U= polyol-polyester= Z2]--al|gke] 4|7} ¥t} 9=2] Baxenden
Chemicals AR= 7|2 E2]oll~E] 2] el 2205= titaniumO] Y tins:
Fuj2 12olA (200°C), 7180, F714kE ARgeH B,
Candida antarctica 212 lipase Novozym 435)5 ©]-2-510 A2 1
(60 °C) FH3ke- o2 ZEJeAEE AAakshe 37 0= diAste,
714l Fr1ake] ARgo] BE sl F9lan, digatelA 2000
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megawatts®] 22 AeFetA ¥ A TH26-29]. Lipase® A4+l
polyesteri= wAFgo] U3l = o vt 7]ES] 55 Ful=
st Zlol nlste] FobA & Aol 7Fsdk FAA R ATAR
AMSE S Qo 491 S ALk 1EAte] AdsHellAl e &

A& B34 “Green polymerzation”?] 7}s/dS Aol 3t} 9=
Lot s o] S-golM EAE o8-S AP 7ol
Q& Floltt. aA4AF o]&st 1At FAL kst A5 7l
monomer2] 73-¢ W5 7] £33} 2] §lo] 7153 A, oluRE
AR 7 Qlan, oA et EHAL FReS 7]'24‘:]' T+ wb
59 7B, F2 oA TR Bold o7 nkgsl= 739l 3kt
2 gel| ]’3]1 ARE 7 7 Qi

Gross 5~ activated esters AFESHA] QA5 lipases ©]-8351
EPONREE AT T S-S HashaA, e o BHLsHA

oﬂ, \TJ>J

_i

f U

f4F o]88lo] polyester IFARE 8] flair] SEelof &
Hae AHsiiT30]. "Z@} a8} 71T BlEo] 1710 wiw
sl B weofof ok A, ARG et g3t wAl 7]
Lo/, 540 AddS o =olok & 2, 7 At 9 el e
gk 2SN Zles AHSISIH. od Fellesol 552
o, a7t 71l 2HEhs vl &AM, AA 2789 A=
g o= gls Zlot

3-3. Enzymatic Acylations for the Synthesis of Functional
Nanomaterials

71 2L 71628 72E 7B, @9 74 building block=©]
A Az wgE|ofok sttt Organogek ©]#3t nano 7%
R SR o 4 5I0k 719 2718 )
A=, 2 A amphiphileys, J597 1= 4045 QJsiM 1

AL A é = 471 8ul9} ZRgatel, 27] 23] <Jate] 24
Ql MAdE whE F Sl B4 =EA] organolgelator24] Ve &
81t} Multihydroxyl 3F5HE] lipase, proteases ©]-8-3t o243} H1-5-
= O] £3101[31], Park 5-& 47)40) UollA] o] F5re] ghpalEs
ST-EAF 310, protease®}t 11pasr 0] 83} oAk o AE] 9} X
H

b B S S 5EITH32,33]. 53], glucose + A} T
TZ5 743 1,1 glycosidic bond% ?iélﬂ o]+ trehaloseiH] 6-
OHS} 6’-OHel| acylation®] ¥o] th% 725 7FA7A| Frh(Fig. 4).

Candida ancarctica 3 lipase B (CALBYE Z7| 2, divinyladipate S
acyl donor® A28}, acetone®ll4] sucrose diester?} trehalose diester
= IS =] e J/Pq oA trehalose-6,6’-diester” | gel =
FAdgo] = ST John 52 TIFSE fatty acid vinyl esters A}
g3tod A2 trehalose diester (5 50% ©1)7F 71804 gel
= FAsta, 1 BAS 1ESIglon, o] F o] &3t dj¢el fEH
7155 slsh=d] 'rskE 719k organogelators AHE-E A Sl

7Vsdell thale] X arslAth34,35]. Trehalose 6,6’-diacetate?] 73-%-,
ethyl acetate®ll*] 0.04% (w/v; 0.84 mm)2] LA E gels A
IR, o] sugar esterF2] gelator 78] 7 W2 g 5o}, 3}
st o 2 M3t oJe]71A] trehalose ester <& 7He-dl R Al
trehalose-6,6’-diester?0] G} O F gelS P AS F3lA,

AE o]gslo] YA AMHAQI acylations F-3l nanostructures
7H BAL A £ 9lL-S 3}1)\1 G40 eyl =113}
gko] Aol ost 2R 71578 =4 FHY 7S dol 71
Ut
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Fig. 4. Enzymatic acylations of disaccharides top sucrose, bottom
trehalose with divinyl adipate in organic solvents for the
synthesis of organogelators [33].

4. $8UKe2| A OPSHIS

ATARE0] 2. FRF ATS} 7raal 548] Wil o] FEjr) H)
Sz, SvigkE-2] 7]A7} vlsed Zlolgtal o] AA koLt Whg-do]
U Aol 24} 0] A oW B9t v AHE R ol 9l
2, Kazlauskas 5~ Haemophilus influenza 2l homoserine acyl
transferase (HIHAT)?} Pseudomonas fluovescens -22] esterase (PFE)
9] X-ray 7% Bl -4E B8], 84 FHellA oxyanion loop2]
ko] 71423l A A (esterase/lipase)ell A= carboxyl oxygen©] &
954 0= FFEA|RE, ATOA & amide®] NH/F /35402 &

3L Qles BALBISITH36]. 7 A ofn] Al AU RE 13%
o] S 7RI, ol Ak Hlw R & 4 Gl TN
TEE X-ray T2 245 oA 4381810 Eesterasecl A= 72012
carboxyl oxygen?} TF= & Al (attacking water) A}o]o] &= THE &
2 (bridging water)”} 31014 acyl-enzyme (serine) HAE 54
sk 4= Q= SHAIRE, ATOlM = bridging water”| attacking waters:
@38l 77t =4 Stk HasigickFig. 5). ATF
T M Bo] dlFgoZ EAsiE et Eoll &3l acyl donor7}
7FEa = A ¢kal, alcohol (2 amine) nucelophile©l] 2] 3l A]
acylation®] &= 7141E 278 Zlo|tH36].

SHH Neang 5, ¥ Candida antarctica £-22] lipase A (CalA)
9} 30% HE2] obn| At MY FAMSS 711 Candida parapsilopsis
209 lipase FAF T (CpLIP2)O], =2 A (A, )7 0.97}
= A9 FEAellA, 7Tt alcoholysisE SHlishs A& &
Zstedtt. o Yot Candida tropicalis 212 CtroL4 (CpLIP22};
59% “3-573)2} Aspergillus flavus FE12] Aflal. (CpLIP2%} 35% 7
%, CpLip2gt AR 22 2o ZMRs Rt
alcoholysisg Fmllsh= 25 ekl Al B2 9] ofn| At MAS
#2495 A3} aleoholysis HES- 2} o} At homology”} A4S
W1 Q8-S WudhAXA, CpLIP2¥ CtroL4= ATE, CalAS} Aflal
= lipase {73 TH37,38]. &3 7123l A9t ATS| X-ray 7
Z8} o)At MY HIILE B3, ATE ©]&38te] FEdx=

>

R o R o
[ H—N. J——=0--oreeeeee H—N-
o Raa. o
/ H™ >y 1 / Raay
Ser / [o} Ser g H\ o
- o, N—H - o H
/§N H™ W /§N / g H—N
HN HN H |
= = H
His :3’:::Isyesis aided by basic His :Ct"' lrlasr_lferlase by acidi
interaction with additional water in‘zer':c{;'z :viokrnv.:ddi{i:r?alt:vater
R o
J—0--ooeeeeee H—N.
/ 0 ) Raaq
Ser H
7N, R 0
/=N H—N
HN
—
esterase or acyl trasnferase
His R' group displaces additional water

Fig. 5. Hypothesis of how the orientation of the oxyanion loop affects
the activation of water [34].

Acyl transferase (AT)

ST

L.+ - el il

Aqueous media

R
X=0,S Y=NH,, OH Z=NH, 0

Fig. 6. Enzymatic acyations in aqueous media using AT.

acylation W85 38 7 a5 RT3t (Fig. 6). 71%A
Bl 71E9] f71 8ol 7hsahd opbds) vhe-E g ol =
s Hola= olsolgkal sttt

Tang 52 A8 X BA|E 220 polyketide”l] 3F3H2 lovastatin
o] A3 Ao A" HdellA, lovastatin®] BT w2 Gl =
monacolin J (multihydroxyl 33150l methylbutyryl CoA thioesters
acylation RE§-8= TRl LovDE 74| 1L, 37} ¢FF T2 acyl
donor?! a-dimethylbutyryl-S-methyl-mercaptopropionate (DMB-S-MMP,
Zro] W1 dimethyl butyryl CoA thioestertAl ARE-EHE- ©]-8-5}1
acylation®] 78-S E. coliz 14317 in vivoell A BRISFATH39].

] Yol7tA Tang 5 LovDE in vitro &4 8k 7%l
directed evolution®]] 2J3}] 7HX¥ engineered LovDE &3l FvllE4d,
S, G4 S7HAIFEH40]. Codexis AR= ©] 7142 license
in3}], directed evolution, substrate engineering &= &3l in vitro®|
A tiggatell /daste], 2012 = S48 e S st
SGTH41]. 7129 318H E/doll A= simvastatine: $H335H7] $18A]

=

HO,
COOH
[o]
R o ,
%3/

Engineered LovD

Monacolin J Simvastatin

Fig. 7. Engineered AT (LovD)-catalyzed One step synthesis of cho-
lesterol lowering drug, simvastatin [39].
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il 9] 7o) 43 g@ele] #S AXA Hedl, UCLAS
Tang W12 Codexis AF2] 177152 3 8t dAl 9] 54 Rke-&
B3l o5& IsISIthFig. 7). 018 3l ATE o]&3fod, -8
oM $IXEIA Q] acylation HHg-0] AFARHAlNA] 7Fs$he Ho
FOlT}. 5183] PKSSEE NRPSOM ARSHE AT i d3ehs o]
23519 in vivoollA ¥ oY} in vitrool A= acylationS 93+ 2
T3 chilzo] g 4= Q1S Zlo|tH42].

5. Regioselective Modifcation of Natural Products
Through Enzymatic Acylations in Aqueous
Media-PKS & NRPS

u|AEO|L AFEZRE Aol HAES Al [ESH ook
A B S ARk olom, AkAl, WA, FAl 5 ok
et IS YERALE ojgst EAES 7] T3 (scaffold)oll
WSS o] AZ FEEE ZAES AU AR 255 2
3 gik A 20 BRF 57 A1k 2/32 polyketidett non-
ribosomal peptide®] f-=l|0|TH43]. 5'83] PKSH NRPSE 53 &
J=]+= polyketidel} nonribosomal peptidet= 324 Thd¥} <ka
o] o ® At ks Kaw o glow, T AR Ao
sle) wt o] st 3FHE2] in vivo T T NA] AR acyl
transferase®} glycosyltransferase A&7 B18] 2] 1 §lT}[42,44-46).
Tang ‘5= ©|&]3t acyl transferaselt glycosyltransferase+2] &47}
polyketidest} nonribosomal peptidesel|A] HA=-2] Y& Al5s
= 7sS Bdshs 73 48 ¢34, ‘decorative enzyme’ (™
21 g 2)etka F-2 31 9)rh47,48). - 0] 213} acyl transferaseS
in vivoel Xl tiAkg-8ks: &3l TFE o=roll thAPd 25 cloningsto] A
~hgE =274, modular FERS] PKSHU NRPSE] A4S o] 85
hydrid &S AYrketaat sk A7 3 QITH49-51]. 7]
£2] 752 PKSH NRPS2] A assembly 217g2] 2H-olA] in

Salt activated thermolysin,
in zert-amyl alcohol

vivo &/del 740] 9504 ghth(combinatorial synthesis). I vivo
oA AME-E]= acyl donorQ! acyl CoA thioester thAlol simvastatin
B E] 73-9-} o] 7hedst -222] thFSt acyl donor analogs AHE-
SHH, in vitrooll A ZAAE2] 32 HS}E acyl transferase 2> 7+
3l A4 glycosyltransferases AE-314 & 4= 9l& Holt
(combinatorial biocatalysis) [43,52]. ZZ&]1} PKSY NRPSS] H 2 &
WA 2l oA dojR &= vhekst J R} in vitro combinatorial
biocatalysisel] 8314 2 Zlo|t}. G40 opis) vkgo| 7 A
7 W 58 ok tekst 5718 28 Sl (multifunctional)
AAEL A Fall NEZE 73S 7NFsks Flolths3]. o1&

5l olv] ok AeARe] P S v e ¢ g Zeleh,
HAE o § 3t b BN o] 7H HESlabA A Qi o

= =

= o

A=) 725 HSAA AEE 2 vS dshd sk o=
=]

S0 e AEEAS 2He sk 219, o] & Sel o=
%

73-5-oll 5'83] acylation®] el
e I = e R b ) =

5-1.In vitro Acylations with Hydrolases and Acyl Transferses
for the Modification of Paclitaxel Analogs

AN Z AFEE= taxol> T2 G50l E B8k, Bl 2 =54
U O R Qlato] ofEAe] AFHlE 2t It} Dordick 52 %
=4 9= Paclitaxel®] §-3l=5 S7PA71a0AF Wi ZlEiel] a4
thermolysine AME-31] 718 ol|A divinyladipateS acyl donor®
AREB] 20 9)H]of YxAEF o7 =913 H (100% yield), THA
Novozym 4355 ©]8-3}9] deacylationS -3l 1712] amide, 3712
ester, 17112] internal ester 5~ WH-5-5F4] &1L adipate®] terminal vinyl
esterit acid FHZ A3 Th(Fig. 8). ©1& S3ll 1,7008]2] 2-3)|7}
<71t 54].

A& T taxold] A AR B BeA Q.

ot

A 4

gil

Divinyl adipate

Candida antarctica \\\
Lipase Novozym 435

H:0

Fig. 8. Regioselective acylation and deacylation of paclitaxel using the combination of protease and lipase [54].
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Rec. DBAT in H20,
Acetyl CoA thioester

baccatin ITI

10-deacetylbaccatin I11

Fig. 9. AT-catalyzed regioselective acylation of 10-deacetylbaccatin
III in aqueous media [55].

EAoNA Taxol?] AEA HZE T3l B acyl transferase ©]
835} Taxol analogE $Md3h= A7+, Taxold] & EAS 714
7 s ol & Flojth

Walker 5~ ANZ3 E.colioll 4] 10-deacetylbaccatin 1Y in vivoell 4]
SMJ % acetyl CoA thioesters AME-310] 10-OHel| $1%] Agid o=
acylations & 4= Q125 HIISIATHS5]. Croteau 5 taxol®] in
vivo T3 =AM 71 wi]E gAlof SldEi= N-acylationol] ta]
ZAF8IATE. Aliphatic/aroyl CoA thioester®l] T34 N-acyltransferase
o] 718 E01dS A8 A3}, aroyl transferased o HL3FATH56].
Walker 5+ N-dearoylpaclitaxel®ll TFJ3F CoA thioesterell tl3llA]
BAHD N-aroyl transferase®] 7250148 ZASIATH57]. Taxus
21Zof|A] BAHD family®l] €3H=N-benzoyltransferaseE cloning St
oy E. coliel|A 23t T, AASE A Z jn vitrool| A TRFSE acyl
(aliphatic/aroyl) CoA thioester (benzoyl; ortho-, meta-, and para-substituted

benzoyls; heterole carbonyls; alkanoyls; and butenoyl)el] T3]l acylation
& ZAFSFSATE Hexanoyl, acetyl, and butyryl”] 7} butenoyl,
benzoyl”7]°ll H|3l 55t S YERITE B2 279 taxol
analogell tall k& 7= 3K SSkAI o2 st 7S Sate] ot
%8t taxol analogell Tet /-8 F3t AF-E-e Ulst 2A1E

F 9% Zlole.

5-2. Regioselective Modification of Rapamycin
Sirolimusgt1L %= &2 7 rapamycin 31718 ©AZE o] Fo%l
polyketide 7152 HIAAAZA, Wyeth ALl 23l TljE] 17 Q)=

Lipase PS (Burkholderia cepacia)
Lipase TM (Termomyces lanuginosus)
TBME, mol sieve,

macrolide 71%&-2] oFEolt}. 22, 3| RS fllx] vhekel Mok
of tjst A7} & Folrt. 53] rapamycin®] hemisuccinyl
terminal methyl, benzyl esterS RF&-=3 Pseudomonas sp. el
Lipase Amano LPL-80 7}4| 1L terminal ester} internal ester®] 7<=
23l A4S 3 A3} benzyl ester= internal ester’} 7 [Tl = A] &
37, methyl estert= AG+40] rapamycin®. % 714=3)] | ATH58).

Pfizer AF= rapamycin =415 FAAZA1Y] 7S A=
gelr, 4287 21218 hydroxyl715 A4 © 2 WstA|7] 14} 3F
ST}, 41-desmethoxyrapamycins: ©]-8-¢t lipase®l| 2]t acylation 2
oA, 7] 220]e vinyl ester [19] thA1el quartenary carboxylic acid
monooxime esters AFE3ISEH], o= T ML A §lo] 2
& 4= 8= acyl donor]ThFig. 9)[59]. 7 -3l W5l - U acylation
HES-OA] lactone ring FES 4] g9t

5-3. Tetracycline

Tetracyclne> W& polyketide=A] 15 9, 27970l 55
7R gHA oo}, Uld 2] YAA | tetracycline®] 7FX]i= 2-naphthacene-
carboxyamide®] T-F5 X8R 2, 3 Al YA 24, minocycline,
doxycycline, tigecyclnes ol 5783tA =Tt olelst &2
tetrcycline 5317 (scaffold)2] 721 E3l A= A 7=
s o] F F S-S ARFTH60].

E% SF2575% tetracycline | 2] AAEZA] WAE Streptomyces
sp. SF2575.0 258 rlee=r, dekAle] 4 71X HdEo
SF2575% H]E3]9, oxytetracycline, chlortetracycline 5~ *172]
type 11 PKS®l 23l malonyl-CoAZ 7] Z2& =2 310 Claisen-like
decarboxylate condensation®l] 2J3l] ¥t} SF25752] A3 A=
o AL vEA e Aol A salicylic acidE scaffold®] C4 $1X]ef| o}
28} W& Fulldks E4 SsfX3t URE PKSO] ATeR= Ad4o] tf
2t} SsfX3 THBELS- tetraceyclineol] 2= FHAIE B 1% AT
oJeh[61]. X-ray 7-34A]E 5510] ol Afsh= N-2e] sandwich
domain} Ful-$]e) sdsl= ek 7123l E4x(hydrolase)]
TEE 285 GDSL AlER! Zlo] Bisizle}. =Awo] A3E g3t
N-ZE 23915 A S o, WEe-do] ARl Ao g1l &
Stk 5291 212 Taxol2] DBATS} 729], salicylic acid ©] 2]l %= th
&t acyl groupe Fo)E 5= gl5o] W S th(Fig. 10). webA] theF

41-desmethylrapamycin

F

Fig. 10. Lipase catalyzed regioselective acylation of 41-demethoxyrapamycin with two acyl donors [59].
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Fig. 11. Structure of Tigecycline (a) and regioselective acylation of SF2575 with SsfX3 (b) [61].

3k SF2575 1A -2 Aol nhet et A 2 52
U2 s e 7R S library®] AlZ7E 7Fs @ 2ol
BLAST 42 5519 SsfX32} Tz A do] fralgt 7]550] 1t
<)

AA] 2 T So] A= AL S, e e o=

daptomycin frEA1E 7] 18 o] AlFE gkl S wlo]
old ZoltH66-68]. Actinoplanes utahensis 771 7% deacylase
& ]85} decaonyl’ & A ASH= 84-8}8H4] (chemoenzymatic)d-
HE 53510 daptomycin® scafffolds WHE -, ThA] 2415 34

[e)
Akl FoJdh= ATS0] H|S3 253 70 S-S Hol 5 3171 9130 N-HEh2- tert-butoxycarbonyl (tert-BOC)O. =2 K 53}1 U}

ATH62].

o Yo7} Tang 15 Al 7FA tetracycline (SF2575, oxytetracycline,
dactylocycline)?] A AN S. lividans K4-11404] #-&35}0q
7} 3] A AR B keSS dM sk dl 4F
3715 3FSIEH63]. o2} -2 =852 heterologous platforms &
3l combinatorial synthesisll 2|3t tetracycline +=412] S 715
S SF, in vitroo| A 0183t S-S AFEElo] tek Akl TFs
& dola= A7k sl

5-4. Daptomycin

Daptomycine- "4 Streptomyces roseosporuslA 2% A21878C
QRS 7Rl SRR, 1970 Eli Lilly AF7F A= 7idst
T THEAOR Q18| AiEo] S STk E, 20031 Cubist Pharma-
ceuticals AFel| oJ8) ThA] JWMFALRE FDAS] 5918 ¥ MRSA
(methicillin-resistant Staphylococcus aureus) 1= X3r3F 1310 ol
A3 Qs OFEREAL, 2006150l bacterimia SOl GRS
-2 acidic lipopeptide 7AlE 2] YA THFig. 11) [64,65]. ©]™]
1988 =0, &=} daptomycin W/dwt2] E& el tju]sto] R
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A] o} 8} WES-(activated acyl donor) - E&]sl= #1748 A T
et oo tist -2 A3E 313ITH69,70]. Daptomycin®] A8
S A =2l st o]al|7} Srvetkel wek -2 S B vRoket

(o]
OH
HO
o
RN 2 )‘\l 9
WSN
H N
51 H H)‘\ 0
o NH, N—S o]
H
[o] Y_ ,”I”‘JI\
NH, , 0 an OH
N /\n/N\)]\ N NH
N : N /\n/ s >
3 H o & H o i o :¥3/
,N }7/OH OH
~ o NH, ©

Daptomycin (Cubicin)

Fig. 12. Structure of antibiotic daptomycin produced from Streptomy-
ces roseosporus [64].
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H

Retapamulin
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Fig. 13. Chemical Structures of Pleuromutilin and Retapamulin [74].

= 7H FEAS S 7FsstAl shal vk vlssst o
F25 A1 Echinocandin BE- nucleus (scaffold)® 7=+ 14 ] 5
=2, linoleyl’ |5 AASIR= 34 WA Actinoplanes utahensis 72141
FA% deacylaseE AHE-3IIT}. Daptomycin®} echinocandin BellA]
T Ql=0l, scaffolds MIFAI7]= 2 opel, scaffolds HH=v
oM E Ean= 712 25 FAISFEA HBAIZA 5= QI in vitro

ol g3 AR 4= Q1= TR0l th70-73]. & combinatorial
biosynthesis®ll 2J3 scaffoldE TH=1= A in vivo REST}F ],
in vitrool|A] TFF3t analogs TR oA deacylase® |55k

L% I-N

:im}u: i

5-5. Retapamulin
Repapamulim= GSK A7} 7]t pleuromutilin®] HFH (semisynthetic)
FAYANZA, MRSA°] tgste] 2007 5ol 51& ok 74]. o
B Aok g, ﬂ*gxﬂ o A7y b WA @A 2] Al
%iU]' Pleuromutiline +°29] Clitopilus passeckerlanusﬁ]/ﬂ st

AAELQIY], F1} o) 17H«1 internal ester?} 27]9] hydroxyl”|7} <&
ZH?EHﬂr. A retapamulinS FHF e JEHEYZ FA0] HAUT)
o] Aeks|AlellA] o] AFL] FEAE ATF R Jdale] 1 =
3laL TH75]. Pleuromutilin A 7]9] ring® 2 7-J% diterpene®.
2A, 9P 0 2= 30| C passeckerianus®] Ha ol 2] AYALE
w57 a8 =4 Stk @Al AT gl ek, ;e
w&8] Eold Ago|ti7s).

Taxol®] 7% 7W2-E 9130 lipase/protease®] F-3H-e 531 B-3=2]
7Wo] 7Fs g 5o][54], Z12] AL pleuromutilin®] 3% internal ester
9} 270¢] hydroxyl®] X812 HEE 213l cetraxate®] TN AHE-H
Mcrobaclerium sp. 7-1W -219] esteraseL} Acinetobacter calcoaceticus
52 o] 3t peluromutilin =412 Aol 75

gt A7} Zlolt76,77].

5-6. Enzymatic Macrocyclization & Thioesterases (TE)

PKS and NRPSZF-E| F5% B AAES ¢/l 22> 1 o)<]
A 3238 macrocyclic rings 7FA=H 4713 02+ $AJSH
7] o8 F-Z5 7FA] 3L 1t} Macrocylic lactone, lactam= 435}
e ohAIS] B5719] E9E o), 3abd A FE QI <l
E 239} ey AR}, X8, A2 dimer/oligomer?} 37
5] A7} SlrH43].

TE= K5 vpA|g} PKS 41H=0] cyclization© U £14-2] nucleophile]
3400 gJsiA HEd W o @dstA ®k PKSS] §F Faell
Sﬂdﬁ‘}b thioesterase (TE) =3} acyl Fo] ¥-&-2] F15 A Fujj7}

= AT} TE= HE% serine hydrolaseselA %]+ serine, histidine,

SR I

D1, M
XH XH E

Fig. 14. TE-mediated macrocyclization; 1) transfer of final interme-
diate to TE active site serine 2) regioselective intramolecular
cleavage of the acyl-enzyme intermediate by an internal
nucleophile [43].

aspartate catalytic triads 283l Qlth. wWehA O-acyl £4 SIS
GAdataL oqlo el Qg XA FAH O R lactone 2=
lactams 3/ SHH(Fig. 14).

TE= macrocylization ¥-§- ¥ o2} cross coupling®] 71|
RHu5 3 Qh43,78]. Daptomycin®] “3-$- TEE NRPS2] C-terminal
o) EA8R=t], TEx activated thioester®] macrocyclizations
S35k Aoz d#A th64]. Daptomycind} F-AFSE -39
CDAC’] el 2roli= TEE AZ3 FH= ¥H= ¥, daptomycin®]

EAES A THT0). In vitrool A A E ] thioesterE=
A54145L]- daptomycin®] NRPS®] TE domain® % cyclizations S}
o] hybrid FENS] 22 RHE71% SIITHT71].

olg} 22 7 =ATE b} simvastatin®] FHAF oA AHE-E
LovD7} TEQ] AAS 71X 1 Qti= AL B o), A1=3t TE= 4
31814 © 2 macrocyclic AAEY] scaffolds WHe = A= 783 &

27 = QlojA RS ol KU1 A BRIl =7
2 Sl Aot 77-80].

7. Rational Design and Directed Evolution of
Acylation-Related Enzymes

15 PKSH NRPSE E8ll A= MAEE2] AT AZelA
woAH = RS B 7 AAIsh: Zle 47| B
combinatorial biosynthesisﬂl-.w_’_ SHH81]. L&YY, coorindated tuning
I Sl o] kg QlsiME koA W AT
Q3% Zlojt}. Olﬂiﬂ in vivo®] HA& @37 ABIAEE ofet,
hybrid Q52 W71 feiA = H38 whg-ell Qlojxfe] 71 o
$F kgl B aAv B Qd Flo ]D]' o1& fI8liA ¥ op e,
in vitro®A] enzymatic acylation?} 1% &4 (hyrolases, AT, TEyS~>
o7 EAddelA 71A1e] F o] Q. olelst 1S 3l #
o FFFEE o] 83t AlAl3lERS- E3 rational design [82]3F HTSE
&3} directed evolution -, 7]E2] @UREE-2] AeiAd-S- 74138k
£ HIE dolA, DA dAZE 2 Zlo|th83]. 7 dE acylation
% @4+ UHA] combinatorial synthesis =5 2FQ1o] T35 o],
hybrid AE2] A|Ze AREE A & Aolt},

¢

i)
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BAE o]83F acylation 7= 903 )] kSt chiral intermediate
IS g, T ER Bt 715 T B, 1Rk 3
= 2ho)a1 Qlek. 5185] =S Mol 1§85 ot gl
ok 5 ThE RHO R in vivoell Al PKSUE NRPSE -3l A
H RIS FAslels A7V AGE A Qe HAEY 7]
G =S in vitrool| A $/3317] ©1F 7] wlZoll combinatorial
biosynthesisE 3l scaffoldE WH=17, combinatorial biocatalysis”}
=3k et ke w AA v wold Ao® MigErHed]. K,
PKSY NRPSe°I|A t}okst ATE2, bioinformaticstt
metagenomicsE SolA LofR= ATE ] FHRTS o] s =

el A=

Zov, o2 Hhgow T8} oflit N HAE F3) AT, TE
A5 540 et ofsizle] Holubll 8 Zolek. o2l olshel

715 vle o 2 Alikslstel| 3k Wi irrational approach?] in vitro
protein engineering®] 7132291 AR E Al g3 & Zlolth W] 9
OpA] AlekA =gl SJALA] AT library Ale- 8 e 9] ¢b& A0

of|’J ¥t} Combinatorial biosynthesisllAl €1 A|:= acylation ¥+
G259 HA3= Y3l directed evolutions B2 FA S 71421
Qlt}. 71E8] 71Rsl &4, AT, TES] Z8H48 Q1 Aol 23t in vitro
combinatorial biocatalysis®} combinatorial biosynthesis®] A% &
§F Hx =7 Zlolot

TS in vitroolX HAEL] o}alg) REE-S $18llA, simvastatin
A=, A WA acyl donor® ARE-E:= CoA ester thAle] in
vitroo2 7¥k8E acyl donor® thx|8F = Q1= 18} HES- A| 4~ Elo]]
ojsh e F Q3 Ao},

DaptomycinZ} SimvastatinE] el 7Hrsl G4t

AT 9 TE®] -§-8-2, T72-oFa I(SAR)E AR 91et A+

Al B ofz}, 7= o] wigde] ost Al Y-S HRs]
8t AlokgA|[84], “12]aL generic 2|2k AAIH YikS S8t =
2ALE, gkom 7|7} W oleta & < Qlth EE?l
comblnatorlal biosynthesisE 13l in vitrool|A 42 HH 3= &
A, T Fety) drbaehs Afsle], sl or A= o
PR oL} o At H5E Ea) A

oLEo]

2<% compound libraryE %
2 Zlofri8s].
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